It has long been an accepted practice to use symmetry in Finite Element Modeling. Whenever modeling a large structure, we turn to symmetry in order to significantly reduce the model size and computation time. But is symmetry always the solution to long computation times, and is it always accurate? This study is aimed at modeling a whole ceramic tile and several possible symmetric models under several different loading cases and comparing them to each other and Air-Coupled Ultrasonic scans to determine if the Finite Element Models can accurately predict the vibrational resonance patterns. The reason for the accuracy or inaccuracy will also be examined. The understanding of the limitations of using symmetry to model large structures will be very useful in all future modeling. ABSTRACT. It has long been an accepted practice to use symmetry in Finite Element Modeling. Whenever modeling a large structure, we turn to symmetry in order to significantly reduce the model size and computation time. But is symmetry always the solution to long computation times, and is it always accurate? This study is aimed at modeling a whole ceramic tile and several possible symmetric models under several different loading cases and comparing them to each other and AirCoupled Ultrasonic scans to determine if the Finite Element Models can accurately predict the vibrational resonance patterns. The reason for the accuracy or inaccuracy will also be examined. The understanding of the limitations of using symmetry to model large structures will be very useful in all future modeling.
INTRODUCTION
Finite Element Modeling (FEM) is a very useful and powerful tool for the numerical solution of a great many engineering problems. The problems range from deformation and stress analysis to wave propagation and composite analysis to fluid and heat flow. It is common practice, when modeling with FEM, to utilize the symmetry of the problem in order to reduce the complexity of the model and reduce the computation time.
PROBLEM STATEMENT
The model for the material considered in another study was complex with a large number of nodes. Models of anything larger than a full lay-up of one of the hexagonal cells with an appropriately small mesh size were simply too large to analyze easily. Modal and harmonic analyses are very simple analyses that usually take no time at all to run. With the full lay-up this simple analysis can take hours. A more complex analysis, such as a waveform impingement, will take much longer. An analysis of this type was performed using a computer cluster on a symmetric quarter of one of the cells that was one layer thick. Even with this small model and a relatively coarse mesh, the analysis took four days to complete. It is because of these considerations; namely the complexity of modeling multiple layers and several cells at a time, that the validity of symmetric modeling was considered.
ANALYSIS
In order to test the accuracy of modeling with symmetric sections, two different polygonal plates, a square and a hexagon, were divided along the symmetry lines of the polygons as shown in Fig 1 and Fig 2. All possible symmetric sections are considered in this analysis. The sections of the polygons are subjected to a modal analysis and a harmonic analysis and the results compared to the results of the full models. A modal analysis shows the natural resonance modes and frequencies of the models. Comparing the natural resonances of the plate sections to those of the full plate will determine whether the plate sections have the same behavior as the full plate. The harmonic analysis will show the response of the model to a sine input at specific frequencies. Comparing the responses of the plate sections to the response of the full plate will determine whether the plate sections respond to a given impingement in the same manner as a full plate. These two analyses can indicate whether a symmetric model can be used to recreate a full model without loss of accuracy.
The boundary conditions on the plate periphery and on the corresponding areas of the plate sections are either fixed (zero x,y, and z displacement) or free (no constraints). For the areas of the plate sections that would normally be in the interior of the full plate (interior areas) the possible boundary conditions are symmetric and antisymmetric. Combinations of the symmetric and antisymmetric boundary conditions on the interior areas of the plate sections should replicate all possible interactions that occur in the interior of the full plate.
For this analysis an isotropic material was used with the following properties:
All of the full plate ANSYS models created for this analysis are approximately 4 inches in length from side to side and 0.75 inches thick, and the symmetric section models are sized relative to the full model. All of the models were made with the ANSYS element 'solid187.' This element is a higher order 3-D, 10-node element with quadratic displacement behavior. 
Modal Analysis
A modal analysis of the plates and plate sections extracts the natural modes of the models for the given material and boundary conditions. The extracted modes were visually compared and like modes were grouped together. The matching of resonance modes was performed by looking for distinctive features, such as high and low amplitude regions, in the resonance images of the full plate model and each symmetry model. The size, shape, and locations of these distinctive features were then compared to match the resonance images. It is important to keep in mind that in this FE analysis red is positive displacement and blue is negative displacement, but in a sinusoidal vibration positive and negative displacement change positions cyclically. Hence the blue and red colors can be interchanged; they essentially represent the maxima in a resonance image. Figures 3 through 6 demonstrate how the extracted modes are compared and grouped. The comparisons made in Figures 3 and 4 were relatively easy to make when small discrepancies such as color variation and rotation of the resonance pattern were taken into account. The comparisons in Figures 5 and 6 , on the other hand, were somewhat more difficult to make as not only were there color variations and rotations to consider but some of the maximas have changed position slightly due to the constraints of the geometry of a given plate section.
Several observations can be made about the hexagonal models after the modes have been visually compared and like modes grouped together.
1. Every single resonance mode in the full plate model can be replicated with the symmetry models. 2. The frequencies of the resonance modes from the symmetry models have a variance from the resonance frequencies of the full plate that is less than 0.3% of the resonance frequency. This means the symmetry models accurately replicate both the resonance pattern and the resonance frequency of the full plate. 3. For the symmetry conditions sym-antisym and antisym-sym, with both the fixed and free boundary conditions, the resonance images of the one sixth and the one third models do not appear among the resonance images of the full model. 4. Of all of the symmetric models, only the half models have resonance modes that match with every single resonance mode of the full model. This means that attempting to model a structure with symmetry models any smaller than one half the size of the full model will not give a full solution. This is due to the fact that a smaller model cannot model the combinations of interior boundary conditions that occur in a full model. This is shown in Fig 7 below . Observe the symmetry conditions on the symmetry lines of the full plate specified when using a small symmetry model (in this case a one twelfth model). Changing the condition on just one of the lines of symmetry yields a possibility that the small symmetry model cannot duplicate but that can be modeled with a larger symmetry model (1/2 or 1/4) or the full model itself. 5. Both the half point-point model and the half side-side model have resonance modes that match the resonance modes of the full model but both of the interior boundary conditions (symmetric and antisymmetric) must be used. This means that the idea of using a smaller symmetric model to reduce the computation time is faulty since two of the half models will have to be run to replicate the results from an analysis of the full model. This is true at least for this type of analysis. If an analysis was required in which only a symmetric interior boundary need be considered, then a half model would reduce the computation time.
It seems that the best model, both for accuracy and computation time, for the hexagonal plate is the Full Plate model.
Several observations can be made about the square models after the modes have been visually compared and like modes grouped together.
1. Every single resonance mode in the Full Plate model can be replicated with the symmetry models. 2. The frequencies of the resonance modes from the symmetry models have a variance from the resonance frequency of the full plate that is between ~0% and 1% of the resonance frequency. Also, Fig 5 and Fig 6 show several cases where the resonance patterns of the full square plate and the patterns of the symmetry models where very difficult to match. This means the symmetry models do a decent but flawed job of replicating both the resonance patterns and the resonance frequencies of the full plate. 3. A multitude of resonance modes from several of the symmetric models with both fixed and free boundary conditions do not appear among the resonance modes of the full plate model. 4. Of all of the symmetric models only the half rectangular model has resonance modes that match every resonance mode of the full plate model. This means that only the half rectangular model could potentially be used to reduce the model complexity without a significant loss of fidelity. 5. Only by using both of the interior boundary conditions (symmetry and antisymmetry) on the half rectangular model can all of the resonance modes of the full plate model be matched. This means that the idea of using a smaller symmetric model to reduce the computation time is faulty since two of the half models will have to be run to replicate the results from an analysis of the full model. This is true at least for this type of analysis. If an analysis was required in which only a symmetric interior boundary need be considered, then a half model would reduce the computation time.
It seems that the best model, both for accuracy and computation time, for the square plate is the Full Plate model.
Harmonic Analysis
A harmonic analysis applies a pressure or force that varies sinusoidally with time at a specific forcing frequency and extracts the results of a forced vibration. For this particular analysis 2-D Gaussian pressure distribution is applied to the models. The pressure distribution is centered on the origin of all of the models.
This analysis was performed with 37 distinct frequencies ranging between 80 and 300 kHz. Since this analysis is a forced response it is not enough that the results from the symmetric sections match decently or closely with the results from the full plate, they must match very closely or exactly in order for symmetric modeling to be considered valid. If the symmetric sections cannot replicate the forced response of a full model then they cannot be used to accurately model a structure and its responses to stimuli.
For the hexagon, the fixed boundary analysis demonstrated that very few of the results from the symmetric sections match with the results from the full model. Only two of the symmetry models have any results that match with the results of the full model. The fourth model with symmetric-antisymmetric interior boundary conditions is able to match two of the results from the full model. The half side-side model with a symmetric interior boundary is able to match many, but not all of the results from the full model.
For the hexagon, the free boundary analysis also demonstrated that very few of the results from the symmetric sections match with the results from the full model. Only nine of the twenty symmetry models have any results that match with the results of the full model, but no model has more than eight matches.
It is clear from this analysis that the only model of a hexagonal plate that can fully replicate the forced response is a full plate model.
For the square, the fixed boundary analysis demonstrated that very few of the results from the symmetric sections match with the results from the full model. Only three of the symmetry models have any results that match with the results of the full model. The eighth model with symmetric-symmetric interior boundary conditions is able to match seven of the results from the full model. The fourth triangular model with symmetricsymmetric interior boundary conditions is able to match two of the results from the full model. The fourth rectangular model with symmetric-symmetric interior boundary conditions is able to match three of the results from the full model.
For the square, the free boundary analysis also demonstrated that very few of the results from the symmetric sections match with the results from the full model. The eighth model with symmetric-symmetric interior boundary conditions is able to match eight of the results from the full model. The fourth triangular model with symmetric-symmetric interior boundary conditions is able to match five of the results from the full model. The fourth rectangular model with symmetric-symmetric interior boundary conditions is able to match one of the results from the full model.
It is clear from this analysis that the only model of a square plate that can fully replicate the forced response is a full plate model.
CONCLUSION
Using a structure's natural symmetry has long been thought to be a valid way to reduce a model's size, complexity, and computation time. In order to test the accuracy of modeling with symmetric sections two different polygonal plates, a square and a hexagon, were divided along the symmetry lines of the polygons, and were subjected to a modal and a harmonic analysis. These two analyses can indicate whether a symmetric model can be used to recreate a full model without loss of accuracy.
The results from the modal analysis show that only half plate models can fully replicate all of the natural responses of the full plate, both the resonance frequencies and the resonance patterns. However, in order to replicate all of the resonances two half models must be run; one with a symmetric interior boundary, and one with an antisymmetric interior boundary. The necessity of running two separate models negates the time saved by modeling with a symmetric section.
The results from the harmonic analysis show that no single model or combination of models can replicate the forced responses of the full plate.
Symmetric modeling is not accurate in many cases and should only be used very carefully. In certain cases the complexity and size of the model can be reduced but the computation time cannot.
